Does the association between household characteristics and household CO 2 emissions differ for areas such as home energy, transport and indirect emissions? This question is policy relevant because distributional implications of mitigation policies may vary depending on the area of emissions that is targeted if specific types of households are likely to have higher emissions in some areas than in others. So far, this issue has not been examined in depth in the literature on household CO 2 emissions. Using a representative UK expenditure survey, this paper compares how household characteristics like income, household size, education, gender, worklessness and rural or urban location differ in their association with all three areas as well as total emissions. We find that these associations vary considerably across emission domains. In particular, whilst all types of emissions rise with income, low income, workless and elderly households are more likely to have high emissions from home energy than from other domains, suggesting that they may be less affected by carbon taxes on transport or total emissions. This demonstrates that fairness implications related to mitigation policies need to be examined for separate emission domains.
Introduction
Since households contribute substantially to the UK's total emissions -around 74% according to Baiocchi et al.'s (2010) estimate, including indirect emissions -a reduction of household emissions is essential for meeting the UK's carbon reduction targets. Additional climate change mitigation policies (in the following "mitigation policies") will thus be needed to reduce household emissions. To examine potential fairness implications of these policies, we need to analyse the distribution of emissions across household groups.
Two points are particularly relevant here: first, if factors other than income are associated with emissions, mitigation policies that put a price on emissions will have varying effects on different types of households independent of their income. Characteristics other than income thus need to be considered in distributional analysis of emissions. However, some characteristics such as income and education or income and rural/urban location are related to each other. Whilst bivariate analysis may find that each of these characteristics is associated with emissions, multivariate analysis is required to determine whether or not characteristics such as education or rural location remain associated with emissions after income is controlled for. So far, only few studies employ multivariate analysis to control for relationships between different factors, but examples are studies by Baiocchi et al. (2010) , Gough et al. (2011) and DEFRA (2008) for the UK context and by Weber and Matthews (2008) and Lenzen et al. (2006) for other countries. However, these studies differ regarding the types of emissions studied and their conclusions on how various household characteristics relate to emissions.
Second, from a policy perspective it is relevant to examine whether the association between emissions and household characteristics varies for different types of emissions. For example, do emissions in different areas increase at the same rate with income or household size? Is rural location more important for transport or for home energy emissions? So far there is no study available that compares the role of household characteristics for different areas of CO 2 emissions whilst controlling for associations amongst these characteristics. But only such a comparison will reveal whether or not it might be possible to generalise claims regarding the (un-)fairness of mitigation policies, currently made for individual areas of emissions (e.g. Barnes, 2003; DEFRA, 2008; Dresner and Ekins, 2006; Grainger and Kolstad, 2010; Starkey, 2008) .
To address this gap in the literature, this paper compares the role of household characteristics for home energy, transport, indirect and total household CO 2 emissions. Household characteristics include amongst others income, household size, age, worklessness, gender, education and rural/urban location. Whilst an analysis of distributional implications of mitigation policies goes beyond the scope of this paper, we will outline possible policy implications in Sections 5 and 6.
Our analysis is based on a representative expenditure survey in the UK, the Living Costs and Food Survey (LCF) and its predecessor the Expenditure and Food Survey (EFS), merged over the years 2006 to 2009. We combine expenditure data with other data sources to estimate household CO 2 emissions as discussed in Section 3. The analysis comprises two steps. First, unconditional associations between various household characteristics and different areas of CO 2 emissions are examined; second, conditional associations are analysed, applying multivariate OLS regression. This provides us with an indication of the types of households that might be particularly affected by mitigation policies targeting specific areas of emissions. Section 2 provides a more detailed overview of existing research in this area. Section 3 describes the data, data limitations and methods of analysis. Results are presented in Section 4 and discussed in Section 5. Section 6 concludes.
Previous Research
The extent to which socio-economic factors other than income and household size are associated with household CO 2 emissions and whether associations vary across emission domains remains contested in the literature. Whilst some authors have claimed that characteristics other than income and household size are not relevant for household emissions (e.g. Wier et al., 2001: 267) , several multivariate studies found that characteristics such as employment status, education, rural/urban location, household composition and age remained to be associated with emissions once income and household size were controlled for (Baiocchi et al., 2010; DEFRA, 2008; Gough et al., 2011; Lenzen et al., 2006) . Based on this evidence, we expect characteristics other than income and household size to be relevant for household emissions. However, the way in which these factors are associated with emissions and whether associations vary by emission domain is still an open question.
The role of income is widely discussed in the literature. All studies on this topic conclude that emissions in all different areas rise with income (e.g. Baiocchi et al., 2010; Brand and Boardman, 2008; DEFRA, 2008; Druckman and Jackson, 2008; Fahmy et al., 2011; Gough et al., 2011; Weber and Matthews, 2008) . Several studies on non-UK countries also compare the distribution of CO 2 emissions or energy requirements over income groups for different domains (but without controlling for other factors). All of these studies find that home energy emissions are more regressively distributed than transport or total emissions (e.g. for the US or Spain Duarte et al., 2010: 181; Herendeen et al., 1981; O'Neill and Chen, 2002: 69) . Only Gough et al.'s (2011: 50-3 ) study compares the role of income for different areas of greenhouse gas (GHG) emissions using multivariate analysis. Whilst income remains significant for each area of emissions, the coefficients are almost identical (Gough et al., 2011: Tables A2.3 and A2.7) , suggesting that different levels of regressivity disappear once other factors are controlled for. This paper will examine whether this also holds in this study on CO 2 emissions.
Previous literature has also shown that household size and composition (e.g. the presence of children) are important factors for household emissions and that there are economies of scale once individuals share household resources (DEFRA, 2008: 5; Druckman and Jackson, 2008: 3184; Gough et al., 2011: 13-4) . Using bivariate analysis, O'Neill and Chen (2002: 67-8) showed that per capita domestic energy requirements in the US drop much more with increasing household size than energy requirements related to transport. This indicates that economies of scale are larger for home energy than for transport emissions which would be highly relevant for the design of mitigation policies, particularly if they include per capita rebates or allowances. However, multivariate results regarding the presence of children are mixed so far: having a child was positively associated with direct CO 2 emissions in DEFRA's (2008: 82) study but negatively with total emissions in Baiocchi et al. (2010: 64) . We thus hypothesise that household size has a larger 'effect' on transport than on home energy emissions in multivariate analysis and that the presence of children matters more for direct than for indirect and total emissions.
Findings regarding age also remain inconclusive: DEFRA's (2008: 82) study found that direct CO 2 emissions increased with age in multivariate analysis whilst Wier et al. (2001: 267) concluded from bivariate analysis that age had little effect on CO 2 emissions from home energy. Other bivariate studies showed that the relationship between age and transport emissions takes on an inverse u-shape (O'Neill and Chen, 2002: 65) . Since older people may be less likely to travel and more likely to spend time at home, requiring energy for heating, we hypothesise that an inverse u-shaped relationship between age and transport emissions holds in multivariate analysis whilst the same may not apply for home energy emissions.
Several multivariate studies have included employment status: Gough et al. (2011) found unemployment to be negatively associated with GHG emissions in different areas, confirmed by DEFRA (2008: 82) for direct CO 2 emissions whilst Meier and Rehdanz (2010) found a positive relationship between unemployment and space heating expenditure. Since being out of work may increase the time spent at home, we expect emissions from home energy to be higher and emissions from transport to be lower for people out of work compared to those in employment.
Some studies have also included education in multivariate studies on emissions, again with differing results. Baiocchi et al. (2010: 61, 64) found that education and total emissions are positively correlated but that high education 'reduces' emissions once other factors are controlled for, supporting the hypothesis that awareness of environmental problems rises with high education and contributes to low carbon practices. However, Brand and Preston (2010: 16) found that those who attended university or full time education (which could be seen as a proxy for high education) had significantly higher transport emissions that those who did not. Lenzen et al. (2006: 192) found a negative association between emissions and high education for Australia but a positive association for Brazil and India, arguing that high education is a privilege of the rich in the latter and thus related to high emissions. Based on existing evidence for the UK, we expect education to be positively associated with transport emissions, but not with other types of emissions.
It is generally assumed that living in a rural location is associated with higher emissions due to greater car dependency and more isolated dwellings than in cities (e.g. DEFRA, 2008) . However, since in the UK incomes in rural locations are, on average, significantly higher than those elsewhere, 1 the question arises whether rural location remains to be associated with emissions once income is controlled for and whether the association is stronger for transport or home energy emissions. Brand and Preston (2010) did not find location to be significant in OLS regressions on transport CO 2 emissions in the UK whilst DEFRA (2008: 82) found that those living in rural places had significantly higher direct (home energy and motor fuel) CO 2 emissions than those living elsewhere. This suggests that rural location is no longer associated with higher transport emissions once income is controlled for whilst the association with home energy emissions (which make up the largest share in the DEFRA study) may remain significant -an assumption we will test. Neither Baiocchi et al. (2010) , Gough et al. (2011) , Lenzen et al. (2006) , nor Weber and Matthews (2008) included gender in their multivariate analysis. DEFRA (2008) found that female headed households had higher direct CO 2 emissions than male headed households whilst Brand and Preston (2010) did not find a significant difference between men and women's transport CO 2 emissions. Since our study is based on household data we can only distinguish between 'female' and 'male headed' households, depending on the gender of the reference person.
2 Since in our dataset female headed households are more likely than male headed households to be single retired and lone parent households who may spend more time at home, we would expect them to have higher home energy and equal or lower transport emissions than other households. Overall, this review demonstrates that whilst a small number of multivariate studies exist on the relationship between emissions or energy requirements and socio-economic background, they have generated conflicting results and have so far not systematically compared these relationships across different domains of CO 2 emissions. Furthermore, authors like Starkey (2008 Starkey ( , 2012 have recently stressed that household characteristics other than income may be highly relevant for household emissions and thus for fairness implications of mitigation policies. Whether or not this is the case can be examined using multivariate analysis that controls for the role of income and other factors, the approach chosen in this paper to address this question.
Data and Methods

Data
For the UK, there is currently no representative dataset available that combines household level CO 2 emissions and household characteristics. Research on the association between emissions and household characteristics thus relies on other data sources to estimate household emissions. In this paper, we convert rich information on households' expenditure into CO 2 estimates. . Flight emissions are based on estimating flight kilometres by merging information from the EFS/LCF survey on the number of person flights per household within the UK, Europe and outside Europe with average flight distances to these destinations based on the National Travel Survey and the International Passenger Survey. CO 2 conversion factors (DECC, DEFRA, 2011) provided for different fuels and modes of transport are then applied to units of home energy and litres of motor fuels consumed, as well as to kilometres travelled by mode of transport to estimate CO 2 emissions for each household.
To estimate indirect emissions we use the Resources and Energy Analysis Programme (REAP) database which provides estimates of total UK household CO 2 emissions for 57 consumption categories in 2006, based on input-output analysis (Paul et al., 2010) . This information can be matched with the EFS/LCF because both define consumption categories using the United Nation's Classification of Individual Consumption according to Purpose typology to generate 'CO 2 per pound expenditure factors' for 49 consumption categories (alternative methods are employed for the remaining eight categories as described above). These factors are then applied to households' expenditure (inflation corrected for 2007-2009, using Consumer Price Index data provided by the Office for National Statistics for each of the 49 consumption categories as this is more precise than using a single index) to estimate emissions. 7 For further details on estimation methods see Büchs and Schnepf (2013) .
Data Limitations
Estimating emissions based on household expenditure is limited in several ways. The first set of limitations relates to the insight that expenditure does not necessarily equate to consumption -on which emissions are based. For example, an expensive loaf of bread might have a similar or even lower carbon content than a cheaper one whilst higher expenditure automatically translates into a higher emission figure in studies that convert expenditure data -a problem we can call the 'product quality problem'. Since richer households may tend to purchase higher quality and thus more expensive goods and services, this might lead to an overestimation of their emissions. Girod and De Haan (2010) have analysed this issue in a recent study and concluded that about half of the increase in expenditure for high income households is due to purchasing more expensive products rather than more products. However, they conceded that rich households' increase in emissions is not necessarily overestimated by that same proportion because the exact carbon content of luxury goods and services could not be compared to cheaper ones. Overall, we have to assume that we will slightly overestimate rich households' emissions but can be confident, based on Girod and De Haan's study, that emissions are rising with income.
Furthermore, expenditure may not correctly reflect consumption due to the 'infrequency of purchase problem' which is widely discussed in studies on household expenditure (e.g. Baker et al., 1989; Deaton and Irish, 1984) . Purchases may be infrequent if households consume from stocks, leave longer periods before they replace items such as furniture or cars or simply do not engage in certain activities regularly enough that they are captured by brief periods of expenditure diaries. We can demonstrate this problem in relation to private flights as the EFS/LCF collects both expenditure on flights from the two week diary and the number of flights in the last year through the survey. Only 1.3% of all households have an expenditure on flights within two weeks but 41.0% of households record at least one flight during the last year. Whilst expenditure is correct for the two-week period, it would substantially underestimate the proportion of households having had a flight when this is totalled up to a year. Since flight emissions are an important source of CO 2 emissions, we use the number of flights per year instead of expenditure data to estimate flight emissions.
The infrequency of purchase problem affects those expenditures collected through the two week-diaries, including motor fuels, public transport and electricity and gas prepayments. Does the infrequency of purchase problem influence our analysis? All previous studies 2 This is defined as the person who is financially responsible for the accommodation or, if equally shared, the higher earner. using expenditure data for estimating CO 2 emissions implicitly or explicitly (DEFRA, 2008: 13) assume that mean CO 2 estimates derived from random expenditure surveys will be unbiased. Zero expenditures for infrequently purchased items should be compensated by recorded purchases as those who do buy these items during the diary period may not fully consume them within two weeks. There is no obvious reason to believe that this assumption does not hold for our data, particularly due to the large sample size used in this study. However, measures of dispersion such as standard deviation and variance are likely to be overestimated. Given that we conduct OLS regressions and experience the measurement error in the dependent variable, we need to be aware that standard errors of coefficients are likely to be inflated. Table 1 below provides the per cent of households in the sample that have "zero" emissions due to zero expenditures for sub-categories of emissions. Finally, issues arise in relation to the methods of converting expenditure to emissions. For example, input-output data are applied to estimate indirect emissions at the household level. Input-output datasets only provide emission estimates for broad consumption categories, make simplifying assumptions about the energy intensity of production abroad and are affected by lags in data availability. These limitations are discussed in more depth elsewhere (e.g. Baiocchi et al., 2010; Druckman and Jackson, 2009; Minx et al., 2009 ). However, due to a lack of alternatives, input-output data are widely used in studies on household emissions (e.g. Baiocchi et al., 2010; Druckman and Jackson, 2009; Herendeen et al., 1981; Lenzen et al., 2006) .
Methods of Analysis
Associations between household characteristics and emissions are examined in two steps. First, we examine bivariate relationships to gain an insight into the ways in which emissions are distributed across different household groups. Whilst bivariate analysis is indispensable for estimating, for instance, mean emissions for specific social groups, it cannot account for relationships between several household characteristics. For example, income and education and income and rural/urban location are associated in our sample: highly educated and rural households have significantly higher disposable and equivalised household incomes than their counterparts.
To examine whether or not education and rural location account for any of the variation in household emissions in addition to income, multivariate OLS regression is therefore required as it models the association between individual predictor variables holding all other variables constant. CO 2 household emissions for the four emission domains are the dependent variables. Emissions are log transformed to model a linear relationship between emissions and independent variables.
The following independent variables are included: disposable household income, again log transformed to model a linear relationship with emissions and providing elasticities; due to the inverse u-shaped relationship between age and emissions and the way age is coded in the EFS/LCF, age is represented by three variables: 'age', giving the household reference person's age, squared age divided by 100 to account for the inverse u-shaped relationship, and a dummy variable 'age top coded' with 1 for those aged 80 and above since the EFS/LCF top-codes age at this level; four dummy variables for each additional adult and three dummy variables for each additional child in the household with one adult and zero children being reference categories (e.g. adult2 is coded 1 for households with two or more adults and 0 otherwise, adult3 is coded 1 for households with 3 or more adults and zero otherwise); a variable for gender which is coded 1 if the household reference person is female and zero otherwise; three dummy variables for education where 'education16+' is coded 1 if at least one member of the household attended full time education for 16 or more years, 'education 12-15' which is coded one if at least one member of the household was in full time education for 12 to 15 years, 'education missing' which is coded 1 if information on education is missing. Households in which none of the members attended full time education for more than 11 years represent the reference category. The variable 'workless' is coded 1 if at least one household member is of working age but nobody in the household is in employment or self-employed; ethnicity is coded 1 for households with 'non-white' reference persons; the variable 'rural' is coded 1 for households in rural locations, defined as areas with populations under 10,000 people and 'rural missing' is coded 1 if information on location is missing (mainly for Northern Ireland). We calculated variance inflation factors (vif) for the independent variables to check for multicollinearity. Whilst the age and age squared terms are naturally highly correlated and thus violate assumptions about multicollinearity, this is usually not considered a problem if both terms are significant in the model. None of the other variables had a vif higher than 2.35, far below the recommended upper threshold of 10. We also report adjusted R 2 to account for the number of independent variables in the models.
To exclude outliers that can lead to biased regression results, the 1% of households with the highest and lowest emissions and income as well as those with post-regression residuals >|3| are excluded. We also exclude around 6% of households with zero or negative home energy expenditure in all models to be able to compare the same sample of households (sample size 21,876). For transport emissions, we exclude all households without emissions due to zero expenditure (sample size 18,942).
Results
The Association between CO 2 Emissions and Household Characteristics
4.1.1. CO 2 Emissions in the UK by Emission Area Table 1 shows mean and median household CO 2 emissions in our pooled sample, together with the per cent that individual categories contribute to overall CO 2 emissions and the per cent of households 'without' emissions due to zero expenditure. Median UK total household emissions are 17.1 tonnes of CO 2 emission per year whilst the mean is as high as 20.2 tonnes, demonstrating a positively skewed distribution. Home energy contributes 5.1 tonnes or 25.3% to total emissions. 4.4 tonnes or 21.8% of total household emissions originate from transport, including flight emissions that contribute as much as 5.6% on average to households' total emissions (equating to only 0.6 private flights per person per year or 1.3 flights per household). The remainder of total emissions, 10.7 tonnes or 52.9%, consists of indirect emissions incorporated in other goods and services. 
CO 2 Emissions and Household Size
Table 2 presents average CO 2 emissions for different household sizes: the first four rows present results for single, two, three and four adult households (all without children and adults defined to be 18 years or older); the last three rows refer to two adult households with one, two or three children. The results demonstrate that household size and composition play different roles for different emission domains. On average, two adult households have almost three times higher transport CO 2 emissions than single adult households (4.9 compared to 1.8 tonnes CO 2 ). Indirect emissions double for a two adult compared to a single adult household. In contrast, CO 2 emissions for home energy increase by less than half when we compare one to two-adult households. This indicates that economies of scale are most relevant for this area of emissions but less so for transport and indirect emissions. Since 32% of single adult households have 'zero' transport emissions (compared to just 10% of two, 4% of three and 1% of four adult households (all without children)), we also compared transport emissions for households with non-zero emissions. This shows that non-zero transport emissions still double for two adult households compared to single adult households (last column of Table 2 ).
Whilst two adult households with one child have significantly higher total, indirect and home energy emissions than their childless counterparts, emissions only increase by 8.0 (home energy), 12.2 (transport, including zero emissions), 14.5 (total) and 19.6 (indirect) per cent (this difference is not significant for transport emissions).
CO 2 Emissions and Income
Graph 1 plots mean household CO 2 emissions against equivalised household income deciles (using the modified OECD scale) by emission area using log scales. This makes it easier to compare the proportional change for CO 2 emissions and hence to judge whether emissions in different areas are more or less responsive to changes in income. The slashed "elasticity" line on the diagram represents a 1% increase in CO 2 emissions for a 1% increase in income. Any parallel line would reflect this 1% increase. If the data points rise more steeply than the 1% line, emissions are classified to be progressive in economic terms, if the line rises less steeply they are regressively distributed.
If we disregard the 10% of households with lowest and highest annual equivalised household income, the transport data series is nearly parallel to the elasticity line, indicating that transport CO 2 emissions are almost neutrally distributed, rising proportionally with income. In contrast, the line is much flatter for home energy, demonstrating that CO 2 emissions are most regressively distributed in this area. Indirect and total emissions show a regressive increase with income but less so than for home energy. 8 This category includes emissions arising in the production of heating and motor fuels (12.9%) as well as 'other' indirect categories (12.6%) such as medical care, hospital and communication services and cosmetics. Graph 1. Annual equivalised household income and household CO 2 emissions by emission area (log-log scale). Note: The graph plots mean household CO 2 emissions by mean income at each income decile on log scales. The dashed "elasticity" line shows a 1% increase in household CO 2 emissions if income increases by 1%. Sample size: 24,446 households.
These results are confirmed when we conduct OLS regression using log of CO 2 emissions as dependent and log of annual equivalised household income as only explanatory variable, providing us with income elasticities. Regression results show that a 1% increase in equivalised income relates to a 0.3% increase of home energy CO 2 emissions, 0.7 for indirect, 0.9 for transport and 0.6 for total emissions. 
CO 2 Emissions and Other Household Characteristics
From a policy perspective it is important to ask whether household characteristics other than income may also be associated with emissions since this would have implications for distributional effects from mitigation policies. To examine this question, bivariate associations are examined in a first step. Table 3 provides the percentage of households within different groups having low (equal or below the 25th percentile of emissions) or high CO 2 emissions (equal or above the 75th percentile of emissions) by emission area. If household characteristics were not related to CO 2 emissions, all cells in Table 3 would show a percentage of 25. Table 3 demonstrates that education plays an important role for high emissions. Only 14% of households in which no household member participated in full time education for more than 11 years are in the highest total emissions quartile, compared to 44% of households in which at least one member took part in full time education for 16 or more years. The results also show that rural households and households with children more likely belong to the highest emission quartile than urban households and households without children. Conversely, households with younger or older reference persons, workless households, households with female reference persons and ethnic minority households are less likely to be in the highest emission quartile. Chi squared tests confirmed that all these household characteristics, apart from ethnicity, are significantly associated with emissions in all four areas at the 1% level.
The results in this table also illustrate that the high likelihood to have high emissions for households with high incomes, high education and with children is mainly driven by high indirect and high transport emissions. Conversely, households with older reference persons, workless households and female headed households are much more likely to have high home energy emissions relative to other types of emissions.
Conditional Impact of Household Characteristics on CO 2 Emissions
The previous section showed that a range of factors other than income are significantly associated with emissions and that associations vary for different types of emissions. As discussed above, multivariate regression is required to examine how factors such as household size, high education and rural location are associated with emissions once all other factors are held constant. Regression results are reported in Table 4 .
As expected, income continues to play an important role for emissions in the full model, particularly for transport emissions: a 1% increase in income still relates to a 0.60% increase of transport emissions, 0.48% of indirect, 0.43% of total, but only 0.19% of home energy emissions.
Even after controlling for income, high education remains significant and positively related to emissions. The education coefficient is highest for transport emissions: households in which at least one person has been in full time education for 16 years or more have on average 17% higher emissions (exp(0.154)) than the control group. This compares to an increase by 11% for indirect, 11% for total, but just 2% for home energy emissions.
Another interesting factor to examine is rural location. Our results show that living in a rural place is still significantly associated with higher emissions even after controlling for income for all three emission areas. The effect is strongest for transport emissions which are 16% higher for rural than for urban households. Table A1 in the Appendix shows the three types of transport emissions separately, indicating that most of the 'effect' of rural location on transport emissions derives from motor fuel emissions: rural households have on average as much as 22% higher motor fuel emissions than urban households. In contrast, rural location is not significant for public transport emissions whilst for flight emissions, we find a 5% negative 'effect' (significant at p b 0.1).
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Whilst female headed households have lower transport emissions (the latter being due to lower motor fuel emissions, see Table A1 in the Appendix), they have higher home energy, indirect and total CO 2 emissions than male headed households. Workless households also have higher home energy but lower transport emissions than other households. However, if they do use transport, they have higher public transport emissions than households in employment (Table A1) .
The results for the role of age are more complex to interpret because we use three age variables in the model as explained above. Turning points and slope of increase differ for the three emission areas. The conditional transport and indirect emission curves have a deeper inversed u-shape than the home energy curve. For home energy, the turning point lies at around 74 years, whilst the decrease in indirect emissions is estimated to start at around 51 and for transport at around 50 years of age. This indicates that older people are generally less likely to have high total and transport emissions (given the early turning point), whilst their home energy demand stays high up to old age.
Whilst we controlled for ethnicity, no significant differences were found apart from indirect emissions which are significantly lower for households with a 'non-white' household head.
Discussion
Our results demonstrate that many new and policy relevant insights can be gained if associations between household CO 2 emissions and socio-economic factors are compared across emission domains. Multivariate analysis showed that associations considerably differ across domains. This is relevant for debates about possible fairness implications of mitigation policies as it helps to identify the different ways in which various household groups contribute to emissions. Fairness claims are often made either on the basis of responsibility for emissions (the "polluter pays principle"), the capacity to bear mitigation costs, and potential additional "needs" for emissions that do not arise from someone's own choice but from "structural" circumstances (Baer, 2013; Druckman and Jackson, 2010; Hyams, 2009; Starkey, 2008) . Identifying additional emission "needs" has played an important role in questioning the fairness of per capita allocations of tradable emission permits (or rebates from carbon taxes) (Hyams, 2009; Starkey, 2008) but is also important for discussions on carbon taxes as it may indicate unfair tax burdens.
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Given that fairness claims are usually expressed in a general way or in relation to just one area of emissions (e.g. Barnes, 2003; DEFRA, 2008; Dresner and Ekins, 2006; Grainger and Kolstad, 2010; Starkey, 2008) , insights can be gained by comparing different emission domains. Whilst a discussion about what constitutes emission "needs", rather than "wants" or "expensive tastes", goes beyond this paper (but see Hyams, 9 Households without transport emissions are excluded from the transport regression model, while they are included in Graph 1. This is one explanation why we do not find a coefficient closer to 1. 10 Table A2 in the Appendix presents a model which controls for the type of dwelling given that they are likely to differ between urban and rural areas. Households living in detached houses have on average 28% higher home energy emissions than households living in purpose built flats and households with oil central heating have on average 13% higher domestic energy emissions than those with main gas central heating (both conditional on the number of bedrooms per dwelling). Once type of dwelling and heating is controlled for, rural households' home energy emissions are no longer significantly different to those in urban areas. This indicates that the higher proportion of detached houses and less access to main gas in rural areas accounts for a significant part of the difference in rural and urban home energy emissions. 11 For an overview of these different mitigation policies see Büchs et al. (2011). 2009; Starkey, 2008) , we identify characteristics as indicating potential additional "needs" for emissions if a household group's emissions are significantly higher but their income significantly lower than their comparator group as it indicates reduced capacity to bear mitigation costs. Groups with significantly lower income (based on multivariate regression analysis using the dataset for this paper, see Table A3 ) include households with reference persons aged 50 and over, as well as single adult, workless and female headed households.
Regarding income we find that even after controlling for other factors, transport emissions rise more steeply with income than all other types of emissions, and least so for home energy emissions. This contrasts to Gough et al.'s (2011) study which did not find significant differences in the association between income and different types of emissions, perhaps because their study used equivalised income in addition to controlling for household size whilst our regressions use disposable income. Whilst taxes on transport or motor fuel emissions are often perceived as unfair because they hit the poorest more (Hammar and Jagers, 2007) , this needs to be put in perspective as they are likely to be much less regressive than carbon taxes on domestic energy.
In contrast to Baiocchi et al.'s (2010: 62-3) study we found that high education was still positively associated with all areas of emissions (apart from home energy), and particularly with transport emissions. This suggests that increasing education levels alone is unlikely to tackle household CO 2 emissions. It also suggests that people with high education may engage in higher consumption and travel as part of their identity as suggested in qualitative research (Hurth, 2010) . Since households with highly educated members also have significantly higher incomes, one can argue that they bear higher responsibility than their counterparts for shouldering the costs of mitigating climate change.
Our study largely confirmed previous findings regarding associations between emissions and household size: whilst larger households have higher emissions, per capita emissions shrink with rising household size due to economies of scale. However, this is mostly the case for home energy but less so for all other areas of emissions (in particular transport), indicating that larger households would not necessarily 'gain' from tradable per capita permit schemes, contrary to what has been argued elsewhere (Starkey, 2012: 16) .
Our study adds new insights regarding the presence of children (Baiocchi et al., 2010; DEFRA, 2008 ): whilst the first child 'reduces' transport emissions, it 'increases' emissions in all other areas, particularly home energy. This indicates that having children, particularly when they are still young, may reduce mobility but increase needs for heating, washing and the consumption of other goods.
12 Households with children are thus likely to be additionally burdened by carbon taxes on home energy and total emissions and may require further compensation, particularly if they are on low incomes. They might also 'lose' from schemes that allocate equal emission allowances to each adult, requiring additional allowances for children in these emission domains. Furthermore, the results provide additional evidence that mitigation policies that target transport emissions are fairer than those that target home energy emissions when we focus on older, workless or femaleheaded households: even after controlling for income, household size and other factors, these types of households have significantly higher home energy emissions than their counterparts. This is likely to be related to them spending larger amounts of time at home and thus have greater "needs" for heating. In addition, older people may be more likely to "feel the cold" and thus require warmer indoor temperatures. Since all of these groups also have significantly lower income than their counterparts, one could argue that they would be unjustly burdened by taxes on home energy emissions. Conversely, these types of households have significantly lower transport emissions compared to their counterparts, even after controlling for other factors. This is likely to be related to reduced mobility or capacity to pay for travel. It is thus likely that they would be less burdened by taxes on transport emissions or would 'gain' more from equal per capita permit or rebate schemes in this area.
Findings also demonstrate that rural location is associated with higher emissions in all areas, even after controlling for income. The association between rural location and transport emissions is higher than the one for home energy emissions, in fact, rural location is no longer significant for home energy emissions once dwelling and heating type are controlled for, indicating that the greater occurrence of detached houses and oil central heating in rural places accounts for much of the variation in emissions. It still indicates that households in rural places are likely to be burdened more by carbon taxes in all areas than their urban counterparts. Whether or not living in a rural place can be considered as an "expensive taste" or whether it comes down to "brute luck" (Dworkin, 1981a,b; Starkey, 2008) is still a contested matter. Since households in rural places and those living in detached houses or those having oil central heating all have significantly higher incomes than their counterparts, we'd be inclined to argue that higher mitigation burdens are less troublesome from a fairness perspective than for some other areas that we discussed above. However, poor rural households will still be hit hard by taxes on transport emissions and complementary policies such as greater investments in public transport or insulation schemes in rural areas may further reduce rural emissions. Section 2 discussed a range of data limitations related to this study. Based on this discussion, we expect that our study slightly overestimates emissions by high income households and that standard errors in the regression analysis are likely to be inflated because of the infrequency of purchase problem. Due to a lack of alternative datasets, we are not able to compare our results to 'true' estimates of household CO 2 emissions and their distribution (like all other expenditure-based studies on household emissions) but we analyse in more detail how different methods of estimation affect distributional analysis within the bounds facing research in this area (Büchs and Schnepf, 2013) . Due to the way the LCF/EFS is organised, we were also unable to examine these associations at the individual level, which would be particularly relevant for studies on potential distributional implications of per capita emission permit schemes. Further investments to improve data quality are thus required to take research in this area forward.
Conclusion
This paper addressed a gap in the literature by comparing the association between household characteristics and carbon dioxide emission across four emission areas: home energy, indirect emissions, transport and total CO 2 emissions. Our results show that many household characteristics still remain significant once income and household size are controlled for. This means that distributional implications of mitigation policies that aim to create financial dis/incentives are likely to differ not only across income groups but also along other household characteristics. Furthermore, these associations vary across emission domains, a topic highly relevant from a policy perspective: policies targeting a specific emission area or total emissions will affect household groups in different ways. More specifically, we found that whilst carbon taxes on home energy emissions are not only likely to be much more regressive than taxes on transport (or total) emissions, they would also put unfair burdens on low income households with greater home energy requirements, including households with children and those with older reference persons as well as single, workless and female headed households (after controlling for other factors). These kinds of households may also still 'lose' out from schemes that allocate equal per capita allowances for home energy emissions. The opposite applies to schemes that target transport emissions which are more likely to put the main burdens on those that contribute most to these kinds of emissions but also have greater resources to bear mitigation costs. However, further research on distributional implications is required to confirm these hypotheses.
These findings also imply that claims regarding the fairness (or otherwise) of mitigation policies need to distinguish not only between different policy instruments (e.g. taxes vs. per capita trading schemes) but also between different areas of emissions. This is highly relevant because only if it is known where unfair burdens are likely to originate can effective complementary policies be formulated. Complementary policies may include financial compensations or further infrastructure investments to facilitate greater use of public transport and improve the thermal efficiency of the housing stock. 
